This work launches the first-ever report on the fabrication of waterborne epoxy-graphene oxide (GO) coatings (WEGC) using a block polymer as a dispersant of GO, wherein the block polymer was synthesized via reversible addition-fragmentation chain transfer (RAFT) polymerization of acrylic acid and oligo(ethylene glycol) methyl ether methacrylate A number of analytical techniques, such as Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray diffraction (XRD), thermo gravimetric analysis (TGA), and salt spray tests, were utilized to explore the morphology and performance of the WEGC. It was confirmed that POEGMA950-b-PAA attached to the GO nanosheets, increasing the integral space of the sheets. Modified GO (MGO) layers were well-dispersed in the epoxy matrix through the formation of a GO-dispersant-epoxy ternary molecular structure. Furthermore, the presence of MGO substantially influenced the thermal properties, mechanical properties, and anticorrosion performance of the WEGC. TGA, salt spray tests, and pull-off testsshowed that 0.5 wt.% MGO content achieved the greatest improvement in the evaluated properties.
Introduction
Organic coatings are widely used in corrosion protection, as they can provide an efficient physical barrier between metal surfaces and a corrosive environment [1, 2] . However, at present, most anticorrosion coatings are typical solvent-borne systems. The high percentage of volatile compounds (VOCs) they contain is extremely harmful to the environment and human health [3] . Therefore, waterborne coatings have gained significant attention world-wide with the consideration of environmental protection [4] [5] [6] .
Recently, a variety of types of water-soluble and dispersible polymeric resins, such as acrylics, polyesters, epoxies, polyurethanes, and alkyd resins, have been developed for waterborne coating formulations [7] [8] [9] . Waterborne epoxy coatings are the most studied primers due to their strong adhesion to metallic substrates, low curing shrinkage and high chemical stability [10] [11] [12] [13] . However, cured waterborne epoxy coatings contain a lot of polar channels, which result from residual surfactants or hydrophilic groups. These channels accelerate water permeation and water uptake. More seriously, water absorption rate determination, and salt spray tests, were employed to explore the morphology of GO in an epoxy matrix and the anticorrosion mechanism of the WEGC. It is demonstrated that GO was uniformly dispersed in the epoxy matrix with the help of POEGMA950-b-PAA, and that the well-dispersed modified graphene oxide (MGO) substantially improved both the mechanical properties and anticorrosion performance of the organic paints considered.
Materials and Methods

Materials
Experimental 4,4 -azobis(4-cyanovaleric acid) (ACVA), oligo(ethylene glycol) methyl ether methacrylate (OEGMA950; M n = 950 g/mol), and 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (CPA) were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Acrylic acid, sodium acetate, acetic acid, NaHCO 3 , NaNO 3 , H 2 SO 4 , KMnO 4 , H 2 O 2 , and HCl were purchased from Nanjing Chemical Reagent Co. Graphite (Nanjing, China, flakes, 99% carbon basis, 325 mesh particle size ≥99%, natural) was purchased from Sigma-Aldrich. The two-component waterborne epoxy coating was purchased from Jiangsu Changjiang Paint Co., Ltd (Nanjing, China). The non-volatile-matter contents of the paint and the curing agent were 55.3% and 40% in weight, respectively. The epoxy resin content of the paint was 20.5%. The mixing ratio of paint to curing agent was 10:1 in weight. All reagents were used as received.
Synthesis of Poly[oligo(Ethylene Glycol) Methyl Ether Methacrylate] (POEGMA950-RAFT)
POEGMA950-b-PAA was prepared via RAFT polymerization following similar procedures to those described in our previous work [33] . Precisely 6.0 g of OEGMA950 was added to 34.0 mL acetate buffer (1 mol/L, pH = 5.2) containing 0.004 g ACVA and 0.04 g CPA. Prior to polymerization, the solution was purged with nitrogen for 30 min. Then, it was heated to 70 • C in a thermostatically controlled oil bath under stirring. The flask was immersed in iced water after 10 h to quench the polymerization. The product was then dialyzed against water and dried in vacuum (M n = 1.94 × 10 4 g/mol, PDI = 1.23).
Synthesis of POEGMA950-Block-PAA (POEGMA950-b-PAA)
The polymerization of acrylic acid was carried out in NaHCO 3 aqueous solution (0.01 mol/L) with 2.0 g POEGMA950-RAFT, 0.0023 g ACVA, and 0.36 g acrylic acid. Prior to polymerization, the solution was purged with nitrogen for 30 min. Then, it was heated to 70 • C in a thermostatically controlled oil bath under stirring for 5 h. The product was then dialyzed and dried in vacuum (M n = 2.34 × 10 4 g/mol, PDI = 1.35).
Preparation of GO by Oxidation of Graphite
GO was prepared by graphite oxidation using a modified Hummers' method [35] . NaNO 3 (3.0 g) and graphite (6.0 g) were mixed with H 2 SO 4 (360 mL) under stirring for 15 min. KMnO 4 (18.0 g) was added slowly to the flask under stirring at 35 • C for 7 h. Then, the second part of KMnO 4 (18.0 g) was added and stirring was continued for 12 h. H 2 O 2 (30 vol.%, 60 mL) and deionized water (1200 mL) were added to reduce the remaining KMnO 4 . The obtained solution was centrifuged. The paste was washed with HCl solution (10 vol.%) and distilled water. The obtained product was dispersed in 100 mL distilled water. Then, thegraphite oxide dispersion was exfoliated by probe ultrasonic for 30 min with a frequency of 50 Hz, filtered and dried (by freeze drying) to get the GO powder.
Preparation of Modified GO (MGO)
GO (50 mg) was dispersed in 50 mL aqueous solution of POEGMA950-b-PAA (1 mg/mL) with the assistance of sonication for 30 min. A non-attached block polymer was removed by filtering. Then, the dispersion was dried by freeze drying. The obtained block polymer and GO composite was designated as MGO.
Preparation of the Waterborne Epoxy-GO Coatings (WEGC)
The obtained MGO was added to two-component waterborne epoxy coatings (0.1, 0.5, and 1.0 wt.% with respect to epoxy resin). The mixtures were first stirred for 30 min and then degassed in a vacuum oven at 25 • C. The coatings were designated as WEGC-G1 (0.1 wt.% GO), WEGC-G5 (0.5 wt.% GO), and WEGC-G10 (1.0 wt.% GO) based on their weight content of MGO. For comparison, WEGC-G0 (without any GO addition) was prepared in similar procedures.
The substrates (Q235 steel) were abraded by 500 grit sand paper, degreased ultrasonically in acetone, and dried at 50 • C. The WEGC were coated on the processed substrates by air spray with a nozzle pressure of 0.5 MPa, and were dried at 120 • C for 2 h. They were then dried at 25 • C for 7 days, prior to the test. The thickness of the dry-films was 51 ± 2 µm, measured by QNIX 4500 coating thickness gauges. The preparation process of the WEGC is exhibited in Figure 1 . 
Characterization
Fourier transform infrared spectroscopy (FTIR) was carried out on a Bruker spectrometer (Billerica, MA, USA) at a resolution of 4 cm −1 . An average of 24 scans were taken per sample using the KBr pellet technique. Gel permeation chromatography (GPC, Agilent 1260 HPLC) was carried out with 0.1 mol/L NaNO 3 aqueous solution as the eluent at a flow rate of 1 mL/min. Raman spectra were measured with a confocal Raman spectrometer (Renishawinvia Reflex, Wotton-under-Edge, UK) using a wavelength of 533 nm. Scanning electron microscopy (SEM, FEI Quanta 250, Hillsboro, OR, USA) was conducted to characterize the surface morphology of the GO, and the fracture surface of the coatings. X-ray diffraction (XRD) was performed on step-scan mode by an X-ray diffractometer (Bruker D8-advace) equipped with Cu Kα radiation (λ = 0.1540 nm). In the test of GO and MGO, the scanning rate was 4 • per minute. In the test of the WEGC, the scanning rate was 0.5 • per minute. The thermal property of the epoxy coatings was evaluated by TGA (TGA-7 analyzer, PerkinElmer, Waltham, MA, USA) with a heating rate of 10 • C/min from 25 to 600 • C under nitrogen.
Salt Spray Tests
The anticorrosion property of the WEGC was investigated using a salt spray test in accordance with ASTM B117 [36] and ASTM D714 [37] . Prior to the test, scribes were created on the surface of the WEGC using a surgery knife. Samples were placed in a salt spray cabinet at 35 • C with continuous spray of NaCl solution (5.0 wt.%, pH = 6.5-7.0). Three parallel tests were carried out for all samples.
Determination of the Water Absorption Rate
The WEGC were coated on aluminum substrates using an air spray with a nozzle pressure of 0.5 MPa. They were dried for 2 h at 120 • C, and then a further 7 days at 25 • C. The thickness of the dry-films was 30 ± 2 µm, measured by QNIX 4500 coating thickness gauges. These samples were then immersed vertically in distilled water. After reaching the prescribed time, these samples were taken out and their surfaces dried using filter paper. The samples were then weighed to calculate the water absorption rate. Three parallel tests were carried out for all samples.
Pull-Off Test
The adhesion of the WEGC on Q235 steel was determined using a pull-off adhesion tester (Biuged BGD 500, Guangzhou, China) according to ASTM D4541 [38] .Prior to the test, the substrates and steel dollies were abraded by 120# sand paper to achieve a roughness of 25-50 µm. Three parallel tests were carried out for all samples.
Results and Discussion
The FTIR spectra of GO, POEGMA950-b-PAA, and MGO are shown in Figure 2a . The peaks observed in the GO spectrum at 1223, 1710, 1062 and 859 cm −1 , and 1633 cm −1 are assigned to C-OH stretching vibration, C=O stretching vibration, C-O vibration of epoxy groups, and C=C vibration of aromatic rings, respectively [39] . In the FTIR spectrum of POEGMA950-b-PAA, the observed peaks are assigned to C-O-C stretching (857 cm −1 ), C-H bending in -O-CH 3 (943 cm −1 ), C-O stretching (1118 cm −1 ), -CH 2 -bending (1459 and 1340 cm −1 ), C=O stretching (1737 cm −1 ), C-H stretching (2870 cm −1 ), and O-H vibration (3000 cm −1 ). The FTIR spectrum of MGO clearly shows the characteristic C-H stretching (2870 cm −1 ) and-CH 2 -bending (1340 cm −1 ) (Figure 2a , marked by arrows), suggesting that the POEGMA950-b-PAA chainsnoncovalently connected to the surface of GO. The Raman spectra provided additional evidence of the noncovalent connection between the block copolymer and the GO surface. As presented in Figure 2b , two prominent bands can be observed at 1580 and 1335 cm −1 . The band at 1335 cm −1 (D band) arises due to the vibration of carbon atoms in disordered graphite, indicating the formation of sp 3 carbon in the GO. The band at 1580 cm −1 (G band) is associated with the first order scattering of the E 2g vibration mode for a sp 2 carbon lattice in the graphitic domain [40] . Generally, the defect density or the disorder extent of GO composites can be characterized by the intensity ratio of the D and G bands (I D /I G ) [41] . In our tests, the I D /I G ratio of GO was 0.88. After polymeric functionalization of POEGMA950-b-PAA, the I D /I G ratio gradually increased to 1.26. Additionally, the sp 3 carbon structure of GO increased with the presence of POEGMA950-b-PAA, which resulted from a noncovalent linkage between GO and the POEGMA950-b-PAA chains [42] .
X-ray diffraction (XRD) was used to determine the composition and crystal structure of the GO, MGO, and WEGC. The diffraction peaks (2θ) of GO and MGO appeared at 10.85 • and 8.77 • , respectively (Figure 3a) . The values corresponded to a basal spacing (d 001 ) of 0.835 and 1.01 nm. The reflection of the MGO (001) planes weakened and shifted to lower angles after modification with POEGMA950-b-PAA. The presence of POEGMA950-b-PAA increased the integral space of the GO sheets by attaching to their surface, resulting in a proper degree of intercalation of the GO nanosheets. Noncovalently grafted POEGMA950-b-PAA chains on the GO surface markedly increased the full width of the peak (at the half maximum position) due to the increase in d-spacing between the GO sheets [43] . This indicated that the disordered structure of the nanolayers resulted from sonication and noncovalent functionalization processes. No additional diffraction peaks were found in the XRD patterns of WEGC-G1 or WEGC-G5 (Figure 3b ). In Figure 3b , it is demonstrated that WEGC-G1 and WEGC-G5 do not present ordering anymore or the spacing between the MGO layers is too large (i.e., exceeding 8 nm in the case of ordered exfoliated structure) [44] . In contrast, there is a broad peak (Figure 3b , black arrow) in the XRD patterns of WEGC-G10. This means that some of the exfoliated MGO layer rearranged in the coating with higher MGO content.
The morphology of MGO obtained by noncovalent functionalization was directly observed by SEM (Figure 4c,d) . The SEM images of MGO showed that the GO layer was very thin and contained some wrinkles. This phenomenon was possibly due to the strong interactions between sonication and the organic polymer chains. These wrinkles may have had an important role in preventing aggregation of GO and maintaining high surface area [45] . Furthermore, the influence of GO nanosheets on the morphological properties of the epoxy coating was investigated. Figure 4e shows the fracture surface of the waterborne epoxy coating (WEGC-G0). These surfaces are almost smooth, possessing only sharp cracks, indicating themechanical properties of the WEGC-G0 coating are poor. The coating's stress damping behavior is weak and the applied stress concentrates at some weak and defect parts of the coating, resulting in the growth of cracks [46] . In contrast, the fracture surfaces of the WEGC with added GO (Figure 4f-h) are much rougher and the fracture lines are shorter and multi-branched. From this, it is evidenced that the interactions between the MGO flakes and the polymer matrix were strong. This can also be considered as a confirmation that the MGO flakes were much more evenly distributed inside the epoxy matrix by noncovalent functionalization of POEGMA950-b-PAA. Besides, the interface between the epoxy matrix and the individual MGO layers was not clear (Figure 4f-h) . This indicates thatthrough the formation of a GO-dispersant-epoxy ternary molecular structure, the MGO layers were well dispersed in the epoxy matrix in the presence of POEGMA950-b-PAA ( Figure 5 ).
TGA was utilized to investigate the thermal degradation process of products. The TGA curves of GO and MGO are shown in Figure 6a . For GO, there were three weight loss steps in the range of 25-600 • C. The absorbed water in GO's π-stacked structure contributed to the first step (below 100 • C); release of CO and CO 2 from the most labile oxygen-containing groups accounted for the second step (150-220 • C); and degradation of more stable oxygen-containing groups resulted in the third one (200-350 • C) [46] .The thermal degradation process of MGO is exactly the same as GO's (Figure 6a,b) . Figure 6c shows the TGA curves of WEGC with different MGO content (0, 0.1, 0.5, and 1.0 wt.%). The residual char content (w c ) was used to demonstrate the undecomposed materials percentage at 600 • C (Figure 6c ). T 5% was defined as the initial degradation temperature. T max was defined as the fastest mass loss temperature, and it was the peak temperature in the derivative curve of TGA (Figure 6d ). As presented in Figure 6c , the degradation temperature and the residual char content is increased with an increase in the MGO content (the T 5% and T max increased 4-11 • C, and the w c increased from 6.13% to 10.64% with an increase in MGO content of 0 wt.% to 1.0 wt.%). Other researchers have reported similar improvements in thermal properties with the presence of MGO [47] . It was suggested that the observed increase in thermal resistance resulted from the fact that nano-sized MGO layers, 1-2 nm thick, couldsustain high temperature, retard heat diffusion into the epoxy matrix, and confine the motions of polymer chains. The anticorrosion properties of the pure epoxy coating (WEGC-G0) and epoxy-GO coatings (WEGC-G1, WEGC-G5, and WEGC-G10) were investigated by salt spray tests. As presented in Figure 7a , there was significant rust, blisters, and corrosion products on WEGC-G0 after 300 h of exposure to the accelerated conditions of the salt spray chamber. Furthermore, the corrosion products extended around the scratch, demonstrating the poor anticorrosion properties of WEGC-G0 (pure epoxy coatings).The WEGC with different contents of MGO showed different behaviors. For WEGC-G1, there was a small number of blisters and rust spots (small in size) (Figure 7b ). For WEGC-G5, there were only very few rust spots, and no blisters were found after the 300 h test (Figure 7c ). For WEGC-G10, the extent of corrosion was moderate, with the corrosion products predominantly appearing near the scribe of the coating (Figure 7d ). This poor performance of WEGC-G10 may result from poor dispersion of MGO in the epoxy matrix when the MGO content is set too high, resulting in more pores or coating defects. The barrier properties of the coatings were also investigated by determining thewater absorption rates. As presented in Figure 8 , the pure epoxy coating (WEGC-G0) had the highest water absorption rate after the 24 h test (4.65%), demonstrating the poor barrier properties of WEGC-G0. Initially, the water absorption rate gradually reduced with the addition of MGO (WEGC-G1: 4.24%, WEGC-G5: 3.62%). These findings indicate that the addition of well-dispersed MGO nanosheets can prevent water from permeating into the WEGC. However, the water absorption rate of WEGC-G10 was 4.42%, greater than that of WEGC-G5, which may have resulted from agglomeration of MGO. A schematic illustration of the GO-assisted anticorrosion mechanism is showed in Figure 9 . With the presence of well-dispersed MGO nanosheets, the diffusion pathway of a corrosive substance (e.g., oxygen, water and corrosive ions) in an epoxy matrix will be significantly lengthened. As such, the barrier property of the coating will be greatly enhanced. In the case of WEGC-G5, the stable dispersion of MGO in the epoxy matrix created across-sectional structure that was denser than both the other WEGC coatings and the pure epoxy coating. Thus, WEGC-G5 exhibited excellent corrosion protection performance. This outcome is consistent with the conclusions drawn from SEM, XRD, and the salt spray test.
The adhesion of WEGC to Q235 steel was determined using a pull-off adhesion tester. As shown in Figure 10 and Table 1 , the presence of MGO effectively improved the adhesion of the coatings. Initially, the adhesion of the coatings increased with the increments in MGO content. The highest adhesion strength improvement (7.92 MPa) was obtained when 0.5 wt.% of MGO was added. In this case, POEGMA950-b-PAA acted as both the dispersant of GO and as a bridge for loading the GO and epoxy matrix. Thus, the addition of MGO can significantly enhance the adhesion properties of WEGC coatings. However, when the MGO content reached 1.0 wt.%, the adhesion strength decreased, with WEGC-G10 exhibiting an adhesion strength value of 4.50MPa. This indicated that there was some layer structure of the agglomerated MGO in the WEGC with higher MGO content. It is well known that not only does the block ability have an important role in the anticorrosion ability of coatings, but also the adhesion [48] . Consequently, using MGO to enhance the adhesion of coatings to protected metals is a useful approach for improving the anticorrosion performance of coatings. 
Conclusions
In this research, waterborne epoxy-GO coatings (WEGC) that used a block polymer as a dispersant of GO-wherein the block polymer was synthesized via RAFT polymerization of poly[oligo(ethylene glycol) methyl ether methyl acrylate] (POEGMA) and PAA-were successfully prepared. POEGMA950-b-PAA acted as an intercalation agent for both GO and the epoxy matrix. The XRD patterns and SEM photographs showed that: (1) MGO layers could be well-dispersed in the epoxy matrix and (2) the epoxy matrix could effectively contact MGO through the formation of a GO-dispersant-epoxy ternary molecular structure with the presence of POEGMA950-b-PAA. With the presence of well-dispersed MGO nanosheets, the diffusion pathway of corrosive substances (e.g., oxygen, water and corrosive ions) in an epoxy matrix will be significantly lengthened. As a consequence, the barrier property of such a coating will be greatly enhanced. TGA, salt spray tests, water absorption rate determination and pull-off tests showed that 0.5 wt.% MGO content brought the greatest enhancement in corrosion protection and barrier properties.
